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Keith C. Gendreau9, Wynn C. G. Ho10
1 Division of Physics, Mathematics, and Astronomy, California Institute of Technology,
Pasadena, CA 91125, USA
2 Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109, USA
3 Space Science Division, U.S. Naval Research Laboratory, Washington, DC 20375, USA
4 Department of Astronomy, University of California, Berkeley, CA 94720, USA
5 CSIRO Astronomy and Space Science, Canberra Deep Space Communications Complex,
P. O. Box 1035, Tuggeranong, ACT 2901, Australia
6 Extreme Natural Phenomena RIKEN Hakubi Research Team, RIKEN Cluster for
Pioneering Research, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan
7 Department of Astronomy and Space Sciences, Faculty of Science, Istanbul University,
Beyazıt, 34119 Istanbul, Turkey
8 Istanbul University Observatory Research and Application Center, Beyazıt, 34119
Istanbul, Turkey
9 X-ray Astrophysics Laboratory, NASA Goddard Space Flight Center, Greenbelt, MD
11 NDSEG Research Fellow.
12 NSF Graduate Research Fellow.
* Corresponding author: Aaron B. Pearlman (aaron.b.pearlman@caltech.edu)
1
ar
X
iv
:2
00
5.
08
41
0v
1 
 [
as
tr
o-
ph
.H
E
] 
 1
8 
M
ay
 2
02
0
20771, USA
10 Department of Physics and Astronomy, Haverford College, 370 Lancaster Avenue,
Haverford, PA 19041, USA
Magnetars are young, rotating neutron stars that possess larger magnetic fields
(B≈ 1013–1015 G) and longer rotational periods (P ≈ 1–12 s) than ordinary pulsars1, 2.
In contrast to rotation-powered pulsars, magnetar emission is thought to be fueled
by the evolution and decay of their powerful magnetic fields. They display highly
variable radio and X-ray emission3–6, but the processes responsible for this behavior
remain a mystery. We report the discovery of bright, persistent individual X-ray
pulses from XTE J1810–197, a transient radio magnetar, using the Neutron star
Interior Composition Explorer (NICER) following its recent radio reactivation7. Similar
behavior has only been previously observed from a magnetar during short time periods
following a giant flare8, 9. However, the X-ray pulses presented here were detected
outside of a flaring state. They are less energetic and display temporal structure
that differs from the impulsive X-ray events previously observed from the magnetar
class, such as giant flares8, 9 and short X-ray bursts10. Our high frequency radio
observations of the magnetar, carried out simultaneously with the X-ray observations,
demonstrate that the relative alignment between the X-ray and radio pulses varies on
rotational timescales. No correlation was found between the amplitudes or temporal
structure of the X-ray and radio pulses. The magnetar’s 8.3 GHz radio pulses displayed
frequency structure, which was not observed in the pulses detected simultaneously
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at 31.9 GHz. Many of the radio pulses were also not detected simultaneously at
both frequencies, which indicates that the underlying emission mechanism producing
these pulses is not broadband. We find that the radio pulses from XTE J1810–197
share similar characteristics to radio bursts detected from fast radio burst (FRB)
sources, some of which are now thought to be produced by active magnetars11.
XTE J1810–197 was discovered with the Rossi X-ray Timing Explorer (RXTE) during
an X-ray outburst that began in 200312 and lasted until early 200713. It is located at
a distance of 3.1–4.0 kpc14, making it one of the nearest magnetars. The pulsar has a
rotational period of 5.54 s and a soft X-ray spectrum12. Highly linearly polarized radio
pulsations were first detected from the magnetar in 2006 using the Parkes telescope, and
bright, narrow radio single pulses were observed during each rotation of the neutron star3.
This discovery established that a relationship exists between magnetars and the larger
population of ordinary radio pulsars. XTE J1810–197 has a dispersion measure (DM) of
178± 5 pc cm–3 and a spectral index of –0.5.α. 0 between 1.4 and 144 GHz3, 15, with a
radio flux density given by Sν ∝ να. The magnetar’s flat radio spectrum has enabled the
detection of pulsed radio emission at much higher frequencies than is typically observed
from most radio pulsars.
In late 2008, radio pulsations from XTE J1810–197 suddenly ceased13, and the
magnetar remained in a quiescent state for more than a decade16. However, on 2018
December 8 (MJD 58460), radio pulsations were redetected from the magnetar using the
76 m Lovell Telescope at Jodrell Bank Observatory7. Following the magnetar’s reactivation,
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X-ray and radio follow-up observations were performed (e.g. see refs. 17–20).
We carried out observations of XTE J1810–197 with the X-ray Timing Instrument (XTI)
on board NICER between 2019 February 6 (MJD 58520) and 2019 February 26 (MJD 58540).
High frequency radio observations of the magnetar were also performed simultaneously
at 8.3 and 31.9 GHz using the NASA Deep Space Network (DSN)21 34 m radio telescopes
near Canberra, Australia on 2019 February 16 (MJD 58530) and 2019 February 25 (MJD
58539), which included times when NICER was also observing the source. These instruments
and the data reduction procedures are described in Sections 1 and 2 (Methods). A catalog
of the X-ray and radio observations presented in this Letter is provided in Table 1. Measurements
of the magnetar’s mean flux density and spectral index at 8.3 and 31.9 GHz are listed
in Table 2. Unless otherwise stated, all errors quoted in this paper correspond to 1σ
uncertainties.
We folded all of the NICER barycentric photon arrival times from XTE J1810–197
using an ephemeris derived from contemporaneous radio pulsar timing measurements
performed at 8.3 GHz between 2019 February 7 (MJD 58521) and 2019 February 26
(MJD 58540) (see Section 3; Methods). Relative phase shifts (in phase units) between
the folded X-ray pulse profiles in the 1–2, 2–3, 3–4, 4–5, and 5–10 keV energy bands
were measured based on sinusoid fits to the pulse profiles in Figure 1 (see Table 3). Our
results indicate that the soft X-ray emission is nearly aligned between 1 and 10 keV. This is
consistent with the concentric geometry observed during the magnetar’s 2003 outburst22,
where the magnetar’s thermal hot spot was surrounded by a larger, warmer emitting region.
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We measure a relative phase shift of –0.031± 0.003 between the 3–5 and 5–10 keV pulse
profiles, which is notably smaller in magnitude than the ∆φ≈ 0.1 phase shift reported
in ref. 19 from a Nuclear Spectroscopic Telescope Array (NuSTAR) observation on 2018
December 13 (MJD 58465). If the apparent misalignment between the X-ray pulse profiles
in ref. 19 was due to non-coaxial emission components, then our results indicate that the
geometry of the X-ray emission has returned to being nearly concentric.
The dynamic energy-resolved folded light curve in Figure 1g shows that most of the
X-ray photons are detected over a narrow energy range (between 1 and 4 keV). Within
this band, a significant fraction of the X-ray photons are detected with energies between
roughly 1 and 2.5 keV, where the XTI is most sensitive. The background-subtracted
root-mean-squared (RMS) X-ray pulsed fractions in the 0.5–5, 1–2, 2–3, 3–4, 4–5, and
5–10 keV energy bands are listed in Table 4. These measurements show that the magnetar’s
pulsed fraction is increasing linearly as a function of energy between 1 and 5 keV, which
is consistent with an earlier NuSTAR observation on 2018 December 1319.
Bright X-ray pulses were detected from XTE J1810–197 with NICER during almost
every rotation of the magnetar (e.g., see Figure 2). The X-ray pulses were identified by
searching for temporal structure in the X-ray light curve using a zero-crossing algorithm.
A description of the algorithm is provided in Section 4 (Methods). The X-ray pulses
displayed statistically significant temporal variability on timescales shorter than the magnetar’s
rotational period, which is not due to Poisson fluctuations (see Section 4; Methods). A
single bright X-ray pulse component was detected during most rotations, with a temporal
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width that varied between pulse cycles. However, X-ray pulses with multiple emission
components were detected during ∼20% of the rotational cycles, and approximately 20%
of the X-ray pulse components had temporal widths that were smaller than 1 s (e.g., see
Figure 3). The magnetar’s individual X-ray pulses also showed pulse-to-pulse energy
structure that was stochastically variable in time (e.g., see Figure 2d). Similar behavior was
observed on 2019 February 25 during separate simultaneous X-ray and radio observations
of the magnetar.
The X-ray pulses with larger widths originate from spin-modulated thermal emission
from the surface of the magnetar, as the hot spots are swept across the line of sight.
The presence of narrow width X-ray pulses indicates that there is also impulsive X-ray
emission, which can be produced by external heating from relativistic magnetospheric
particles bombarding the stellar surface23, 24. This behavior indicates that the X-ray pulses
are produced by quasi-thermal emission from one or multiple hot spots on the stellar
surface19, 20. The X-ray pulses are therefore different from the impulsive, millisecond-wide
pulses generated in the radio band (e.g., see Figure 8; Methods). These observations show
that the thermal hot spots of magnetars can generate individually detectable X-ray pulses,
which do not need to be induced by a giant flare.
We find that there is evidence of two different populations of X-ray pulses. In
Figure 3, we show that the X-ray pulses with larger widths have higher fluences and are
emitted over ∼60% of the rotational phase range, while the narrow width X-ray pulses
have lower fluences and are detected at virtually all rotational phases. The distribution of
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X-ray pulse fluences in Figure 3 reveals a distinct separation between these two groups of
X-ray pulses. We ascribe this behavior to anisotropic emission from the thermal regions,
which can increase or reduce the apparent luminosity depending on the opacity in the
magnetosphere and the inclination between the hot spots and the line of sight25.
In Figure 2, we show a series of consecutive X-ray and radio pulses from a simultaneous
observation with NICER and the DSN on 2019 February 16. Although the peak times
of the X-ray and radio pulses were nearly aligned during most rotational cycles, the
X-ray/radio alignment was variable between subsequent rotations. Some pulse cycles
revealed that the radio peak fell slightly before the X-ray peak, while other rotations
showed that the radio peak time coincided with the X-ray peak or occurred shortly after.
Approximately 65% of the rotations shown in Figure 2 had radio and X-ray peak times
that agreed to within 0.5 s (the time-resolution of the NICER light curve).
The folded 1–4 keV X-ray pulse profiles from 2019 February 16 and 2019 February 25
are shown in Figure 4, along with the average pulse profiles from simultaneous radio
observations at 8.3 and 31.9 GHz. In order to align the X-ray and radio pulse profiles
on each day, we folded the radio and X-ray data using measurements of the magnetar’s
rotational period during each individual observation, which were derived from a phase-coherent
timing solution using pulse times of arrival (ToAs) at 8.3 GHz (see Table 2). On 2019
February 16 and 2019 February 25, the 8.3 GHz pulse profile peak was offset from the
peak of the X-ray pulse profile by ∆φ= 0.11± 0.05 and ∆φ= 0.10± 0.05, respectively.
Although these phase shifts are comparable to the X-ray/radio phase alignment reported
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during XTE J1810–197’s 2003 and 2018 outbursts (∆φ2006 = 0.167± 0.006 26 and ∆φ2018≈ 0.13 19),
we note that these values correspond to the average alignment, which can differ from the
alignment during individual rotations. A strong precursor component was also present in
the 31.9 GHz pulse profile on 2019 February 25, which was not seen in the profile ∼9
days earlier. The phase offset between the 31.9 GHz precursor component and the peak
of the 8.3 GHz pulse profile is ∆φ= 0.080± 0.009. The structure preceding the 31.9 GHz
average pulse profile peak on 2019 February 16 is attributed to a population of radio pulses
with lower flux densities (see Figure 7c; Methods).
Between 2019 February 6 and 2019 February 26 (MJDs 58520–58540), XTE J1810–197’s
1–4 keV absorbed X-ray flux decayed from 1.45× 10–10 to 1.13× 10–10 erg s–1 cm–2 at
an average rate of (–1.21± 0.04) × 10–12 erg s–1 cm–2 day–1. During this time period, the
peak absorbed X-ray fluxes of the detected X-ray pulses ranged between 1.3× 10–10 and
2.8× 10–10 erg s–1 cm–2. Assuming that the X-ray emission was produced by a blackbody
emitting region at a distance of 3.5 kpc, with an area of ABB = 213 km2 (see Section 4;
Methods), we find that the peak X-ray luminosities of the X-ray pulses (averaged over the
emitting area; 〈LX〉=LX
(
ABB
1 km2
)–1
) were between 0.9× 1033 and 1.9× 1033 erg s–1 km–2.
From the peak X-ray luminosities of the X-ray pulses, we find that the average effective
surface temperature over the emitting region (Ts = (〈LX〉 / σSB)1/4) is approximately
Ts≈ (6–8)× 106 K, where σSB = 5.67× 10–5 erg s–1 cm–2 K–4 is the Stefan-Boltzmann constant.
The inferred total radiative energies of the X-ray pulses, averaged over the emitting surface
(〈Etotal〉 =Etotal
(
ABB
1 km2
)–1
), were (0.4–6.4)× 1033 erg km–2.
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The energetics, widths, and morphology of XTE J1810–197’s X-ray pulses are remarkably
different from those previously observed from giant flares and short X-ray bursts from
magnetars. Giant flares from magnetars (e.g., see refs. 8, 9) are typically characterized
by an initial spike lasting ∼10–100 ms, followed by an exponential decaying tail lasting
several minutes, with peak X-ray luminosities in the range of 1044–1047 erg s–1. These
events are rare and occur roughly once per decade. Short X-ray bursts from magnetars
(e.g., see ref. 10) have burst durations that range from a few milliseconds to a few seconds,
with tails that can sometimes last several minutes. The peak X-ray luminosities of short
X-ray bursts can range between 1036 and 1043 erg s–1. Therefore, the X-ray pulses reported
here from XTE J1810–197 are temporally distinct and less energetic than giant flares and
X-ray bursts previously observed from magnetars. Moreover, we find that the pulse-energy
distributions of the X-ray and radio pulses are characterized by different statistical distributions
(see Section 6 and Figure 5).
The persistent emission of X-ray pulses during NICER observations spanning∼20 days,
along with the derived surface temperatures from the luminosities of the X-ray pulses,
indicate that the thermal regions producing the emission are heated quasi-steadily. This
behavior can be explained by external heating and is consistent with predictions from
the twisted magnetosphere model used in the past to explain XTE J1810–197’s radiative
behavior during its 2003 outburst23, 27. In this model, strong twists and powerful currents
in the magnetosphere are generated by the evolution and decay of an ultra-strong magnetic
field anchored in the magnetar’s crust. The untwisting process forms a current-carrying
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bundle of field lines, known as the j-bundle, which powers the magnetar’s emission on
the untwisting timescale of months to years23. A hot spot is created at the footprint of the
j-bundle as the stellar surface is heated by the bombardment of relativistic magnetospheric
particles, and a significant fraction of the dissipated power can be radiated quasi-thermally23.
The stellar surface is also expected to be thermally heated via anisotropic heat conduction
through the neutron star’s crust due to the presence of strong sub-surface magnetic fields.
The alignment between the individual X-ray and 8.3 GHz radio pulses suggests that
they both originate near the same portion of the neutron star. We attribute the variability
in the pulse-to-pulse alignment of the X-ray/radio pulses and the changes in the temporal
structure of the X-ray pulses to fluctuations in the thermal emission from the magnetar’s
hot spots. Particle bombardment from returning magnetospheric currents can externally
heat the hot spots on the neutron star’s surface on sub-rotational timescales (e.g., see
ref. 24).
We did not find evidence of a correlation between the temporal structure or peak
amplitudes of the X-ray and radio pulses (e.g., see Figure 2). This indicates that the
magnetar’s radio emission is uncorrelated with its persistent soft X-ray emission on rotational
timescales. Previously, simultaneous suppression of radio emission was reported during
short magnetar-like X-ray bursts from PSR J1119–6127, a high magnetic field radio pulsar28.
This was attributed to the ejection of a pair-plasma fireball into the magnetosphere, which
is thought to quench the radio emission by shielding the electric field in the particle
accelerating region and then recover on timescales of 10–100 s29. However, similar behavior
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was not detected during our simultaneous X-ray and radio observations of XTE J1810–197.
The radio pulses from XTE J1810–197 share similarities with some of the radio
bursts previously detected from repeating FRB sources. In particular, the magnetar’s
8.3 GHz radio pulses display frequency structure that is not observed in the radio pulses
detected simultaneously at 31.9 GHz. Additionally, some of the magnetar’s radio pulses
were not simultaneously detected at both radio frequencies (e.g., see Figure 8). This
indicates that many of XTE J1810–197’s radio pulses are not broadband and have a spectral
index that varies between pulse components. Similar behavior has been observed in bursts
from repeating FRBs, such as FRB 121102. In Section 8 (Methods), we further describe
the morphology of XTE J1810–197’s radio pulses and discuss possible links with the
emission from repeating FRB sources. Although the luminosities of XTE J1810–197’s
radio pulses are inconsistent with the energy output of bursts from repeating FRBs, such
as those from FRB 121102 and FRB 180916.J0158+65, we note that a & 1.5 MJy ms
radio burst was recently detected from the active magnetar SGR 1935+215411. This
suggests that active magnetars are able to produce sufficiently energetic radio bursts that
may explain some extragalactic FRBs. In addition, an X-ray burst was also detected
contemporaneously with this high fluence radio burst from SGR 1935+2154 (e.g., see
ref. 30). Therefore, our simultaneous observations of individual radio and X-ray pulses
from XTE J1810–197 during its recent outburst are important for characterizing the behavior
of active magnetars, which are now thought to be a source of some extragalactic FRBs.
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Figure 1: X-ray pulse profiles of XTE J1810–197 in the (a) 0.5–5, (b) 1–2, (c) 2–3,
(d) 3–4, (e) 4–5, and (f) 5–10 keV energy bands. The pulse profiles are derived by
combining all of the data from the NICER observations listed in Table 1. Each pulse
profile is folded with 50 phase bins using an ephemeris derived from radio pulsar
timing measurements between MJDs 58521 and 58540, where phase 0 corresponds to
MJD 58530.761334907 (TDB). Best-fit sinusoids to the pulse profiles are overlaid in gray.
The dynamic folded energy-resolved pulse profile is shown in panel (g) with an energy
resolution of 0.05 keV. The relative amplitude of the pulse profiles as a function of energy
is plotted in panel (h), which shows both the source properties and the detector response.
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Figure 2: Simultaneous radio and X-ray pulses detected from XTE J1810–197 on
MJD 58530. In panel (a), we show a series of (brown) radio pulses from DSN observations
of the magnetar at 8.3 GHz using 512µs time bins, along with (black) 1–4 keV X-ray
pulses simultaneously acquired with NICER in panel (b) using 0.5 s time bins. The
smoothed, average X-ray pulse profile is overlaid in red in panel (b), after normalizing
the pulse profile so that the area under the NICER time-series and the smoothed profile are
equal. The vertical gray lines in panels (a)–(c) indicate the peak time of each radio pulse
during each rotation. The beige shaded regions in panels (b) and (c) denote the X-ray
pulses identified by the zero-crossing algorithm described in Section 4. The left edge,
right edge, and width of the shaded regions correspond to the rising time, falling time, and
duration of each X-ray pulse, respectively, as determined by the algorithm. We show the
residuals, obtained by subtracting the (red) smoothed X-ray pulse profile from the (black)
NICER time-series, in blue in panel (c). The dynamic spectrum of the X-ray pulses is
shown in panel (d) with an energy resolution of 0.05 keV.
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Figure 3: Temporal widths and fluences of the X-ray pulses detected by the zero-crossing
algorithm as a function of XTE J1810–197’s rotational phase. These measurements were
derived using NICER observations between MJDs 58520 and 58540 in the 1–4 keV energy
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Figure 4: Folded X-ray and radio pulse profiles derived from simultaneous X-ray and
radio observations of XTE J1810–197 on MJDs (a) 58530 and (b) 58539. The blue
and red curves correspond to the average 8.3 and 31.9 GHz radio pulse profiles of
the magnetar, respectively. The black curves show the NICER 1–4 keV pulse profiles,
folded with 20 phase bins using a phase-connected radio ephemeris spanning each X-ray
observation. Phase 0 in panels (a) and (b) correspond to MJDs 58530.761334907 (TDB)
and 58539.774091226 (TDB), respectively.
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Methods
1 X-ray Observations
We observed XTE J1810–197 with the NICER X-ray Timing Instrument (XTI)31 on
board the International Space Station between 2019 February 6 (MJD 58520) and 2019
February 26 (MJD 58540), soon after the magnetar’s position was sufficiently offset from
the Sun. The XTI consists of an aligned array of 56 X-ray “concentrator” optics and silicon
drift detectors (52 operational on orbit), which is sensitive to soft X-ray photons between
0.2 and 12 keV and has a large effective area of ∼1900 cm2 at 1.5 keV. The precision
timing capabilities of the XTI enable the arrival times of individual X-ray photons to be
measured to an accuracy better than 100 ns. The X-ray data were processed using the
NICER data analysis software1h (DAS version 2018-11-19 V005a). We cleaned the data
using the standard NICER calibration and filtered out times with a high background count
rate using the niprefilter2 and nimaketime routines. We excluded event times near the
South Atlantic Anomaly (SAA), when the angular pointing separation was larger than
0.015◦, and when the elevation angle was less than 30◦ above the limb of the Earth or less
than 40◦ above the bright Earth limb. We also removed “hot” detectors from our analysis,
which were flagged when an individual detector recorded more events than 3σ above the
mean number of events across all of the detectors. The event times were then corrected to
the solar system barycenter using the barycorr FTOOLS32,2h routine and the Jet Propulsion
1h See https://heasarc.gsfc.nasa.gov/docs/nicer/nicer analysis.html.
2h See http://heasarc.gsfc.nasa.gov/ftools.
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Laboratory (JPL) DE-405 ephemeris.
Since NICER is a non-imaging X-ray telescope, the background count rate was
estimated using a space weather-based spectral background model derived from observations
of “blank sky” fields20. A background X-ray spectrum, which incorporated contributions
from the time-dependent particle background, optical loading from the Sun, and the diffuse
sky background, was used to determine the energy-dependent background count rates. The
calculated background count rates in the 0.5-5, 1–2, 2–3, 3–4, 4–5, and 5–10 keV energy
bands were 0.486, 0.153, 0.076, 0.054, 0.045, and 0.169 counts s–1, respectively. Between
0.5 and 5 keV, the ratio between the background and source count rates was . 1%. Since
the background is negligible in this energy range, we did not perform further background
subtraction. However, the X-ray pulsed fractions of XTE J1810–197, provided in Table 4,
have been corrected for the energy-dependent background count rate.
2 Radio Observations
High frequency radio observations of XTE J1810–197 were carried out using the
NASA DSN 34 m radio telescopes (DSS-34 and DSS-35)21 near Canberra, Australia on
2019 February 16 (MJD 58530) and 2019 February 25 (MJD 58539). On both days, dual
circular polarization data were simultaneously recorded at central radio frequencies of 8.3
and 31.9 GHz, with roughly 350 MHz of bandwidth. Power spectral density measurements
across the bands were channelized and saved in a digital polyphase filterbank with a time
and frequency resolution of 512µs and ∼1 MHz, respectively. The elevation-corrected
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system temperatures (Tsys) at 8.3/31.9 GHz during the radio observations on MJDs 58530
and 58539 were 24(5)/46(9) K and 22(4)/41(8) K, respectively. The uncertainties correspond
to 20% errors on the system temperature values.
The data were cleaned by first removing spurious signals due to radio frequency
interference (RFI) using the rfifind tool from the PRESTO pulsar search software package33,3h.
Next, the bandpass response was flattened, and then we subtracted the moving average
from each data point using 10 s of data around each sample to remove low frequency
variations from the baseline of each frequency channel. We used the TEMPO4h timing
analysis software package to correct the sample times to the solar system barycenter and
then incoherently dedispersed the data using the magnetar’s nominal dispersion measure (DM)
of 178 pc cm–3.
3 Pulsar Timing
Phase-connected timing solutions spanning our radio observations on 2019 February 16
and 2019 February 25 were obtained using 8.3 GHz observations of XTE J1810–197. We
derived ToAs by cross-correlating individual measured profiles, which were constructed
by folding sub-integrations of the magnetar, in the Fourier frequency domain34 using a
standard template based on the average pulse profile. The ToAs were calculated using the
get TOAs.py tool from PRESTO33 and fit using the TEMPO25h timing analysis software
3h See https://www.cv.nrao.edu/∼sransom/presto.
4h See http://tempo.sourceforge.net.
5h See https://www.atnf.csiro.au/research/pulsar/tempo2.
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package35. Separate timing solutions were derived for each of our radio observations by
fitting only for the magnetar’s spin frequency, ν. Additional spin frequency derivatives
were not needed to obtain a phase-connected timing solution during each epoch. We
fixed the position of the magnetar to the value reported in ref. 36 from Very Long Baseline
Array (VLBA) observations. Due to the variability in the magnetar’s pulse intensity at
31.9 GHz, we were unable to carry out a multi-frequency timing analysis. Since the timing
models were based on ToAs from a single observing frequency, we set the pulsar DM to
be equal to the magnetar’s nominal DM in these models. Any alignment error between
the 8.3 and 31.9 GHz radio pulse profiles due to uncertainty in the DM is negligible. We
also increased the uncertainties on the ToAs by multiplying the error on each ToA by a
scaling error factor (EFAC) value, given by ε=
√
χ2ν , which yielded a reduced chi-squared
value of χ2ν = 1 by construction in all of our models. This is a standard technique used in
pulsar timing to ensure more realistic parameter uncertainties since the errors on ToAs
obtained from cross-correlating profiles with templates are often underestimated37. The
timing solutions obtained using this procedure are provided in Table 2. All reference
times are barycentric and scaled to infinite frequency.
These timing solutions were used to derive the phase alignment between the folded
X-ray and radio pulse profiles shown in Figure 4. The accuracy of XTE J1810–197’s
X-ray/radio phase alignment was verified using NICER and DSN observations of the
Crab pulsar, carried out close in time. We confirmed that the peaks in the Crab pulsar’s
X-ray and radio pulse profiles were phase aligned, which is consistent with previous
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measurements of the pulsar’s X-ray/radio phase alignment (e.g., see ref. 38). Radio observations,
taken close in time, of the Vela pulsar were also carried out using the DSN and the Mount
Pleasant 26 m radio telescope, located near Hobart, Tasmania. We found that radio timing
measurements of the Vela pulsar from both observatories were in agreement. Both of
these independent tests indicate that there are not any significant systematic errors in our
absolute timing accuracy that would affect the alignment shown in Figure 4.
The X-ray data in Figures 1 and 7a were folded using an ephemeris derived from
spin frequency measurements of XTE J1810–197 on 2019 February 7 (MJD 58521), 2019
February 16 (MJD 58530), and 2019 February 25 (MJD 58539). The rotational frequency
on each day was obtained from 8.3 GHz observations of the magnetar using the pulsar
timing procedure described above. The ephemeris was constructed by fitting a linear
polynomial to these measurements using a nonlinear least-squares fitting procedure. The
parameters comprising the ephemeris are ν0 = 0.18045678(4) Hz and ν̇ = (–4.8± 0.7)
× 10–13 Hz s–1, where ν0 is the rotational frequency of the magnetar on MJD 58530.761334907
(TDB) and ν̇ is the time derivative of the magnetar’s spin frequency. We note that our
measurement of the magnetar’s spin frequency derivative is roughly twice as large in
magnitude as the value reported in ref. 39, which is likely explained by variability in the
magnetar’s spin-down torque. Rapid changes in the neutron star torque have also been
observed from other magnetars following an outburst (e.g., refs. 12, 26,40–42).
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4 X-ray Pulse Analysis
Zero-Crossing Algorithm Since the X-ray pulse structure of XTE J1810–197 was variable
between rotational cycles, we used a zero-crossing algorithm to identify individual pulsed
emission components containing X-ray temporal structure. We searched for X-ray pulses
using the 1–4 keV NICER light curve in order to maximize the signal-to-noise (S/N) ratio
of each pulse. The cleaned event light curve was first binned to a time resolution of 0.5 s
and divided into smaller light curve segments, which each consisted of times when NICER
was continuously pointed at the magnetar. After subtracting the mean count rate from each
of the light curve segments, we searched for times when the product of the count rates in
adjacent time bins was negative. This indicated that the relative count rate had changed
from a negative to positive value or from a positive to negative value. The slope of the
light curve during these time intervals allowed us to determine whether these intervals
contained a rising or falling time. The precise rising and falling times were obtained by
linearly interpolating between time bins where the relative count rate in the light curve
changed sign. The complex variability in Figure 2b shows that this technique is superior
to searching for pulses by imposing a minimum or maximum count rate threshold. The
times when the mean-subtracted signal changes sign are well-behaved, while imposing a
threshold in the search algorithm would cause some events to be excluded.
In our analysis, we define the peak amplitude of each X-ray pulse to be the maximum
count rate above the mean level during an adjacent set of rising and falling times, and the
arrival time of each X-ray pulse corresponds to the time when this maximum occurred.
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These measurements are displayed in Figure 7a. The estimated pulse width of each event
is given by the difference between the rising and falling times surrounding the X-ray pulse.
The fluence or energy of each pulse is calculated from the time-integrated X-ray flux of
each event. The pulse-energy distribution of the X-ray pulses is shown in Figure 5c.
Monte Carlo Analysis The X-ray pulses from XTE J1810–197 displayed significant
temporal variability between subsequent rotations of the neutron star (e.g., see Figure 2b).
To demonstrate that the changes in the X-ray pulse structure were not dominated by
Poisson fluctuations, we performed a Monte Carlo analysis where we generated 106 simulated
X-ray pulses for each of the 4,013 X-ray pulses detected by the zero-crossing algorithm.
Each simulated X-ray pulse was derived by Poisson sampling the average 1–4 keV X-ray
pulse profile after scaling the profile such that its amplitude was equal to the peak amplitude
of an observed X-ray pulse and interpolating the profile to a time resolution of 0.5 s.
The number of counts in each time bin of the simulated X-ray pulses was determined
by randomly sampling from a Poisson distribution parameterized by the number of counts
in the corresponding time bin of the scaled and interpolated average 1-4 keV X-ray pulse
profile. The simulated X-ray pulses were then analyzed by the zero-crossing algorithm,
and we recorded the rising time, falling time, peak time, and peak amplitude of each
significantly detected X-ray pulse component.
A single X-ray pulse component was significantly detected in> 99.9% of the simulated
X-ray pulses analyzed by the zero-crossing algorithm. This demonstrates that the zero-crossing
algorithm reliably detects X-ray pulse components with high fidelity. The pulse width
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of each simulated X-ray pulse component was calculated from the difference between
the rising and falling times. In Figure 6, we show the observed and simulated X-ray
pulse width distributions. The simulated X-ray pulse width distribution is considerably
narrower than the observed distribution and peaked at approximately half the magnetar’s
rotational period. The simulated distribution also shows a small number (0.08%) of pulse
components with widths less than 1.5 s, which are attributed to false-positive detections
of low amplitude pulse components due to Poisson variability. The observed X-ray pulse
width distribution is quasi-bimodal and much broader than the simulated distribution. The
notable differences between the observed and simulated X-ray pulse width distributions
also demonstrate that there are statistically significant deviations between the temporal
structure observed in the individual X-ray pulses and the average X-ray pulse shape.
X-ray Flux, Luminosity, and Total Energy In order to measure the X-ray fluxes of the
X-ray pulses, a blackbody plus power-law model was fit to the background-subtracted
spectra derived from each of the event light curves used in the zero-crossing analysis.
The spectra were formed by first extracting photons in the 1–4 keV energy band. Each
spectrum was then binned so that there were at least 50 counts in each spectral channel
after background subtraction. We fixed the hydrogen column density (NH) in the fits to be
1.35× 1022 cm2, the same value obtained from the blackbody plus power-law fits in ref. 20.
Conversion factors for each event light curve were determined from the model-predicted
absorbed X-ray fluxes and count rates. The peak absorbed X-ray flux of each X-ray pulse
was determined by multiplying the peak count rate by its corresponding conversion factor.
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We obtained an average blackbody emitting area of 213± 9 km2 between MJDs
58520 and 58540 from the spectral fits, which implies an average apparent blackbody
emitting radius of 5.1± 0.1 km. The peak X-ray luminosities and total radiative energies of
the X-ray pulses, averaged over the emitting surface, were determined using this blackbody
emitting area, assuming a distance of 3.5 kpc to the magnetar.
5 Radio Single Pulse Analysis
Matched Filtering Algorithm We used a Fourier domain matched filtering algorithm5,33
to search for single pulses in our simultaneous 8.3 and 31.9 GHz radio observations of
XTE J1810–197. After masking bad data corrupted by RFI and applying the bandpass and
baseline corrections described in Section 2, we barycentered and incoherently dedispersed
the data using the magnetar’s nominal DM. The radio pulses were then identified by
convolving the full resolution time series data with boxcar functions with widths ranging
from 512µs to 153.6 ms. If a radio pulse from the same section of data was detected with
multiple boxcar widths, we only recorded the highest S/N event in the final list. All events
with S/N≥ 7.0 were stored for further analysis. The peak flux density of each event was
calculated using the radiometer equation43:
Speak =
β Tsys(S/N)peak
Gσoff
√
∆ν np tpeak
, (1)
where β≈ 1 is a correction factor that accounts for system imperfections such as digitization
of the signal, Tsys is the effective system temperature, (S/N)peak is the peak S/N of the radio
pulse, G= 0.24 K Jy–1 is the telescope gain, σoff = 1 is the off-pulse standard deviation,
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∆ν is the observing bandwidth, np is the number of polarizations, and tpeak denotes the
integration time at the peak of the radio pulse. The fluence of each event was determined
from the time-integrated flux density.
6 Radio and X-ray Pulse-Energy Distributions
Pulse-energy distributions of the radio pulses detected at 8.3 and 31.9 GHz on MJD 58530
are shown in Figures 5a and 5b, respectively. Scaled log-normal distributions, given by:
Plog-norm
(
x =
E
〈E〉
)
=
C√
2πσlog-normx
exp
[
−
(lnx− µlog-norm)2
2σ2log-norm
]
, (2)
where x is the normalized energy of each radio pulse, C is a scaling factor, µlog-norm is the
mean of the distribution, and σlog-norm is the standard deviation of the distribution, were fit
to each of these distributions using a weighted nonlinear least-squares fitting procedure.
The 8.3 GHz pulse-energy distribution is well-described by a log-normal distribution
(χ2red = 0.98, dof = 18) with µlog-norm = –0.218± 0.009 and σlog-norm = 0.709± 0.008. We
obtained a best-fit log-normal distribution (χ2red = 0.36, dof = 6) with µlog-norm = –0.09± 0.05
and σlog-norm = 0.48± 0.04 after fitting the 31.9 GHz pulse-energy distribution. These best-fit
log-normal distributions are overlaid in red in Figures 5a and 5b. We obtained a smaller
χ2red value from the log-normal fit to the 31.9 GHz pulse-energy distribution since fewer
radio pulses were detected at this frequency, which resulted in large relative error bars.
However, we note that interstellar scintillation (ISS) and/or intrinsic variability (e.g., pulse
nulling) may have affected the shape of the 31.9 GHz pulse-energy distribution. For
comparison, during the 2003 outburst, XTE J1810–197’s single pulse emission displayed
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both log-normal and power-law behavior between 1.4 and 8.35 GHz44.
The pulse-energy distribution of all of the X-ray pulse components, along with the
distribution derived from selecting only the brightest component during each rotation, is
shown in Figure 5c. We fit a scaled Gaussian distribution, given by:
Pgauss
(
x =
E
〈E〉
)
=
C√
2πσgauss
exp
[
−
(x− µgauss)2
2σ2gauss
]
, (3)
to the pulse-energy distribution of the brightest pulse components with x& 0.6. The data
are well-modeled by a Gaussian distribution (χ2red = 0.91, dof = 11), with a mean and
standard deviation of µgauss = 1.12± 0.01 and σgauss = 0.384± 0.009, respectively. This
indicates that the energetics of the brightest X-ray pulses from the magnetar’s hot spot are
well-described by a Gaussian process. These results also show that the magnetar’s X-ray
pulse-energy distribution differs from its radio pulse-energy distribution.
7 Radio Pulse Morphology
Our high frequency radio observations of XTE J1810–197 reveal that the magnetar
is emitting bright single pulses with multiple narrow emission components following
its recent reactivation. This behavior is similar to the emission characteristics observed
during the magnetar’s 2003 outburst3. Although many of these pulse components were
simultaneously detected at 8.3 and 31.9 GHz, not all of the emission components were
detected at both frequencies (e.g., see Figure 8). This suggests that either a substantial
fraction of the magnetar’s single pulse components have a steep and variable radio spectrum
or they are not all emitted over a broadband frequency range.
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We folded the ToAs of the single pulse emission components detected at 8.3 and
31.9 GHz using the radio ephemeris described in Section 3. The time-phase distributions
of these events are shown in Figures 7b and 7c. The average width of the emission
components at 8.3 and 31.9 GHz was 1.7 and 1.8 ms, respectively. These observations
are consistent with fan beam emission with an approximate width of ±11◦ (±0.03 in
phase units) at 8.3 GHz and ±7◦ (±0.02 in phase units) at 31.9 GHz based on the widths
of the pulse component distributions. Single pulse emission components were sometimes
detected outside of these phase ranges during some rotations (e.g., at earlier phases compared
to the pulse profile peak at 31.9 GHz; see Figure 7c).
We found that XTE J1810–197’s pulse strength at 31.9 GHz was significantly variable
on timescales of ∼1000–4000 s and often exhibited extended periods where pulsations
were not detected (see Figure 7c; Methods). This behavior was intermittent and frequency-
dependent, as we did not see similar behavior during our simultaneous observations of
the magnetar at 8.3 GHz. This may be an intrinsic effect of the magnetar’s emission
mechanism at higher radio frequencies or caused by ISS.
The overall emission behavior at 8.3 GHz is similar to the pulse morphology observed
from the Galactic Center (GC) magnetar, PSR J1745–29005. However, in contrast to
the GC magnetar, XTE J1810–197 shows a negligible amount of pulse broadening in
its single pulse emission components at this frequency. During individual rotations, there
is often variability in the frequency structure between the GC magnetar’s single pulse
emission components5, whereas the frequency structure in XTE J1810–197’s single pulses
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is typically uniform across all of the pulse components (e.g., see Figure 8a). In the case
of XTE J1810–197, the extent of these features ranged between ∼1–50 MHz, which is
smaller than the ∼100 MHz frequency extent observed from the GC magnetar5. However,
the 31.9 GHz single pulses from XTE J1810–197 did not show prominent evidence of this
structure in any of its single pulse emission components. Similar spectral features have
also been observed at lower frequencies (550–750 MHz) in XTE J1810–197’s single pulse
components45. This behavior is likely caused by ISS, but may also be intrinsic to the
magnetar’s emission mechanism.
If we assume that the frequency structure observed in the 8.3 GHz single pulses
is due to diffractive ISS through a uniform Kolmogorov scattering medium, then the
scintillation timescale (∆td) in seconds is given by46:
∆td = AISS
√
D∆νd
VISSν
, (4)
where AISS = 2.53× 104 km s–1 is the ISS velocity coefficient, D is the distance to the
source in kpc, ∆νd is the scintillation bandwidth in MHz, VISS is the ISS velocity, and
ν is the observing frequency in GHz. Letting VISS be equal to the pulsar’s transverse
velocity (V⊥= 212± 35 km s–1)36, D= 3.5± 0.5 kpc14, ∆νd = 50 MHz, and ν = 8.3 GHz,
we obtain a scintillation timescale of ∆td = 190± 34 s. The magnetar’s radio pulse components
displayed similar frequency structure over multiple consecutive rotations. The timescale
over which we observed variations in the frequency structure is comparable to the predicted
scintillation timescale. Additionally, the estimated pulse broadening timescale46 at 8.3 GHz
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for a scintillation bandwidth of ∆νd = 50 MHz is:
τd =
C1
2π∆νd
= 4 ns (5)
where C1 = 1.16 for a uniform medium with a Kolmogorov wavenumber spectrum. The
detection of such a pulse broadening magnitude is beyond the capability of our instrument.
8 Comparisons with Fast Radio Bursts
Fast radio bursts (FRBs) are bright, coherent pulses of radio emission with∼µs–ms durations
and fluences between roughly 0.01 and 1,000 Jy ms (e.g., see refs. 47, 48 for recent reviews).
They are thought to have extragalactic origins since their DMs exceed the values expected
from Galactic free electrons along their lines of sight. Five FRBs have now been localized
to host galaxies with redshifts between 0.034–0.66, which has established that their sources
are located at extragalactic distances49–53. Thus far, over a hundred distinct FRB sources
have been reported54,6h. A wide variety of models, including cataclysmic and repeating
scenarios, have been proposed to explain the progenitors of FRBs (e.g., see ref. 55,7h for a
catalog). In particular, extragalactic magnetars have been suggested as one of the possible
progenitor types (e.g., see refs. 5, 11,56–59).
Recently, a & 1.5 MJy ms fluence radio burst was detected at 1.4 GHz from the
Galactic magnetar SGR 1935+2154 with the Survey for Transient Astronomical Radio
Emission 2 (STARE2)60 during a period of enhanced X-ray activity11,61–63. A less energetic
radio burst, with a fluence of a few kJy ms between 400 and 800 MHz, was also detected
6h See http://frbcat.org.
7h See http://frbtheorycat.org.
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contemporaneously at lower frequencies using CHIME/FRB64, along with a bright X-ray
burst30,65, 66. We note that the lower apparent fluence of the radio burst detected by CHIME/FRB
may be partially explained by the fact that the burst was detected in the telescope’s sidelobe.
The radio burst shown in ref. 64 has two prominent emission components, which are separated
by∼30 ms and have widths of∼5 ms. The dynamic spectrum of these emission components
displays evidence of band-limited frequency structure that is variable between the two
components64.
Hereafter, we assume a distance of 12.5 kpc to SGR 1935+2154 based on the magnetar’s
possible association with SNR G57.2+0.867. However, we note that a range of distances
between 4.5 and 12.5 kpc have been suggested (e.g., see refs. 67–69). The isotropic radio
burst luminosity for a burst duration of w= 1 ms, based on the radio fluence reported in
ref. 11, isLν ≈ 3× 109 Jy kpc2≈ 3× 1029 erg s–1 Hz–1. This value far exceeds the luminosities
of typical pulses from Galactic radio pulsars, rotating radio transients (RRATs), and giant
radio pulses from Galactic pulsars, such as the Crab pulsar, by several orders of magnitude70.
The inferred brightness temperature, TB, of SGR 1935+2154 at 1.4 GHz during the time
of the radio burst detected by STARE2 was TB &
(
4
π
)
Lν
2kB(νw)2
≈ 7× 1032 K, where
kB≈ 1.38× 10–23 J K–1 is Boltzmann’s constant. This implies that the radio burst discovered
by STARE2 would have been detected with a fluence of & 10 mJy ms at a luminosity
distance of 149 Mpc (the luminosity distance of FRB 180916.J0158+65, which is currently
the nearest localized FRB). Multiple radio bursts from FRB 180916.J0158+65 have already
been detected with fluences above this level (e.g., see refs. 71–73). This suggests that
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active magnetars can generate radio bursts with enough energy to be detected from low
redshift host galaxies. If the apparent brightness of such bursts are magnified via extrinsic
propagation effects, such as plasma lensing5,74, then extragalactic magnetars at high redshifts
may also be a source of FRBs.
The radio emission from repeating FRB sources, such as FRB 121102 and FRB
180916.J0158+65, and the radio pulses detected from XTE J1810–197 during its recent
outburst have similar characteristics. Multicomponent radio pulses, with roughly millisecond
widths, have been observed from both types of objects (e.g., see refs. 75–77). Significant
frequency structure has also been observed in the radio pulses of both XTE J1810–19745
and the Galactic Center magnetar, PSR J1745–29005, with a frequency extent that is
similar to the spectral scales seen in bursts from repeating FRBs, such as FRB 12110258, 75, 78.
We also found that some of XTE J1810–197’s radio pulse components were not detectable
over a broad radio frequency range, which also resembles the behavior seen in radio bursts
from repeating FRBs77, 79.
While these similarities may indicate a common underlying emission mechanism
between radio magnetars and FRBs, we note that there are several important differences
between the radio emission from XTE J1810–197 and FRBs. We did not find evidence that
XTE J1810–197’s radio subpulses drifted downwards in frequency as time progressed.
This “sad trombone” behavior is a characteristic feature in many radio bursts detected
from repeating FRB sources (e.g., see refs. 71, 76), but has thus far not been observed from
radio magnetars. Additionally, the fluences of the 8.3 and 31.9 GHz radio pulses from
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XTE J1810–197 did not exceed ∼30 Jy ms (see Figures 7b and 7c), which is incompatible
with the energy output from FRB 180916.J0158+65. At a luminosity distance of 149 Mpc,
FRB 180916.J0158+65 produces radio bursts that are a factor of ∼108 more energetic
than the radio single pulse emission from XTE J1810–197. However, we note that a
faint (30 mJy) radio pulse was detected from SGR 1935+2154 approximately 2 days after
the arrival time of the & 1.5 MJy ms radio burst80. The high fluence radio burst reported
in ref. 11 may have been produced by energy release as a result of a fast reconnection
event in the magnetar’s over-twisted magnetosphere81, 82. Less energetic radio bursts from
magnetars, such as those from XTE J1810–197 and SGR 1935+2154, may instead be
powered through a combination of magnetic and rotational energy.
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Figure 5: Pulse-energy distributions of the radio and X-ray pulses emitted by
XTE J1810–197. In panels (a) and (b), we show the distribution of (a) 8.3 and (b) 31.9 GHz
radio pulses detected with the DSN on MJD 58530 above a S/N threshold of 7.0. Best-fit
log-normal distributions are overlaid in red in both of these subpanels. The energy
distribution of bright 1–4 keV X-ray pulses detected by NICER between MJDs 58520 and
58540 is shown in panel (c). The light green histogram corresponds to the total X-ray pulse
distribution, and the dark green histogram shows the distribution derived from including
only the brightest X-ray pulse during each rotation. The best-fit Gaussian distribution to
the distribution of brightest X-ray pulses with fluences of E/〈E〉& 0.6 is given by the red
curve in panel (c). The error bars shown in all of these panels are derived from Poisson
statistics.
39
0 1 2 3 4 5 6 7
X-ray Pulse Width (s)
0.00
0.01
0.02
0.03
0.04
0.05
0.06
Pr
ob
ab
ilit
y
1-4 keV
0.0
0.1
0.2
0.3
0.4
0.5
Probability
Figure 6: Distribution of X-ray pulse widths determined by the zero-crossing algorithm
from NICER observations between MJDs 58520 and 58540 in the 1–4 keV energy band.
The observed pulse width distribution is shown in blue, and the simulated distribution
derived from Monte Carlo realizations of the X-ray pulses is overlaid in red.
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Figure 7: Distribution of X-ray and radio pulses as a function of time and
XTE J1810–197’s rotational phase. In panel (a), we show the distribution of X-ray pulses
detected in the 1–4 keV energy band between MJDs 58520 and 58540 with NICER. The
distribution of 8.3 and 31.9 GHz radio pulses detected with S/N≥ 7.0 on MJD 58530 using
the DSN are shown in panels (b) and (c), respectively. The color and size of each data point
in the bottom panels both indicate the fluence of each pulse. Histograms of the number
of pulses as a function of pulse phase are provided in the top panels, and the bottom
panels show their time-phase distribution. The folded pulse profiles are overlaid in gray
in the top panels. The NICER data shown in panel (a) are not continuous, unlike the radio
observations, and gaps along the time axis in the bottom panel indicate times when NICER
was not observing the source.
42
0
10
20
30
40
50
60
70
Si
gn
al-
to
-N
ois
e 
(S
/N
) R
at
io a 8.3 GHz
-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20
Barycentric Time Since MJD 58539.848490977 (s)
8150
8200
8250
8300
8350
8400
8450
Fr
eq
ue
nc
y (
M
Hz
)
0
10
20
30
40
Si
gn
al-
to
-N
ois
e 
(S
/N
) R
at
io b 31.9 GHz
-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20
Barycentric Time Since MJD 58539.848490977 (s)
31750
31800
31850
31900
31950
32000
32050
32100
Fr
eq
ue
nc
y (
M
Hz
)
0
2
4
6
8
10 Peak Flux Density (Jy)
-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03
Pulse Phase
0
2
4
6
8
10 Peak Flux Density (Jy)
-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03
Pulse Phase
Figure 8: Example of bright radio pulses detected simultaneously at (a) 8.3 and
(b) 31.9 GHz from XTE J1810–197 on MJD 58539 during the same rotation of the neutron
star. The top panels show the Stokes I integrated single pulse profiles, and the Stokes I
dedispersed dynamic spectra are displayed in the bottom panels.
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9 Data Availability
A catalog of the NICER and DSN observations is provided in Table 1. The X-ray observations
are accessible through the High Energy Astrophysics Science Archive Research Center
(HEASARC) data archive8h. The radio data used in this paper are available from the
corresponding author upon reasonable request.
10 Code Availibility
The corresponding author will provide the codes used to analyze the observations described
in this paper upon reasonable request.
8h See https://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/w3browse.pl.
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Table 1: X-ray and Radio Observations of XTE J1810–197
Instrument Observation ID Observation Start Time (UTC) Observation Start Time (MJD) Exposure Time (ks) Count Ratea (counts s–1)
NICER 1020420130 2019 Feb 06 23:59:20 58520.99954 4.39 48.9
NICER 1020420131 2019 Feb 08 00:29:56 58522.02079 4.83 48.5
NICER 1020420132 2019 Feb 09 15:06:20 58523.62940 1.09 47.1
NICER 1020420133 2019 Feb 10 05:01:40 58524.20949 0.79 45.9
NICER 1020420134 2019 Feb 11 01:07:00 58525.04653 2.00 46.6
NICER 1020420135 2019 Feb 12 07:04:20 58526.29468 1.28 46.0
NICER 1020420136 2019 Feb 13 02:42:41 58527.11297 2.75 46.1
NICER 1020420137 2019 Feb 14 08:08:00 58528.33889 2.13 46.1
NICER 1020420138 2019 Feb 15 02:46:28 58529.11560 1.50 45.5
NICER† 1020420139 2019 Feb 16 00:28:00 58530.01944 1.04 45.5
DSN (DSS-34)† 2019 Feb 16 18:19:51 58530.76378 7.72
NICER 1020420140 2019 Feb 17 22:22:11 58531.93207 0.48 46.6
NICER 1020420141 2019 Feb 17 23:54:35 58531.99624 0.52 48.4
NICER 1020420142 2019 Feb 21 02:12:00 58535.09167 2.53 43.7
NICER† 1020420143 2019 Feb 25 17:27:40 58539.72755 0.32 44.8
DSN (DSS-35)† 2019 Feb 25 18:37:09 58539.77580 6.71
a Average, non-background-subtracted X-ray count rate between 1 and 4 keV.
† Data with simultaneous radio and X-ray observations. The overlapping radio and X-ray observations on 2019 February 16
and 2019 February 25 covered a total of ∼109 s and ∼90 s, respectively.
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Table 2: System Parameters of XTE J1810–197
Parameter Value
Fixed Values
Right ascension (RA, J2000) ref. 36 18 h 09 min 51.08696 s
Declination (Dec, J2000) ref. 36 –19◦ 43’ 51.9315”
Dispersion measure (DM) ref. 3 178.0 pc cm–3
Distance (D) ref. 14 3.5 kpc
Measured Values
Mean flux density (Sν) at 8.3 GHza 4.6±0.9 mJy
Mean flux density (Sν) at 31.9 GHza 3.7±0.7 mJy
Spectral index (α) between 8.3 and 31.9 GHza –0.2±0.2
Mean flux density (Sν) at 8.3 GHzb 4.2±0.8 mJy
Mean flux density (Sν) at 31.9 GHzb 2.9±0.6 mJy
Spectral index (α) between 8.3 and 31.9 GHzb –0.3±0.2
Phase-coherent 8.3 GHz timing solution on MJD 58530.8
Pulse frequency (ν)c 0.1804568(1) Hz
Reference epoch (TDB)d MJD 58530.761334907
Observation span (TDB) MJD 58530.76–58530.85
Number of ToAs 4
Solar system ephemeris DE405
Timescale TDB
Weighted root-mean-square (RMS) residual 2.4 ms
Phase-coherent 8.3 GHz timing solution on MJD 58539.8
Pulse frequency (ν)c 0.18045638(5) Hz
Reference epoch (TDB)d MJD 58539.774091226
Observation span (TDB) MJD 58539.77–58539.85
Number of ToAs 4
Solar system ephemeris DE405
Timescale TDB
Weighted root-mean-square (RMS) residual 0.7 ms
a Measured value at Tref =MJD 58530.8.
b Measured value at Tref =MJD 58539.8.
c These values were derived by fitting for a constant rotational frequency, ν.
d Reference time corresponding to phase 0.
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Table 3: Relative Phase Shifts Between the X-ray Pulse Profiles of
XTE J1810–197
Energy Bands (keV) Relative Phase Shift
(1–2)/(2–3) 0.010±0.001
(2–3)/(3–4) 0.012±0.001
(3–4)/(4–5) –0.008±0.002
(4–5)/(5–10) –0.025±0.003
(3–5)/(5–10) –0.031±0.003
Table 4: X-ray Pulsed Fractions of XTE J1810–197
Energy Band (keV) RMS Pulsed Fractiona
0.5–5 0.200±0.001
1–2 0.184±0.001
2–3 0.215±0.002
3–4 0.243±0.003
4–5 0.275±0.005
5–10 0.298±0.009
a Background-subtracted RMS pulsed fractions.
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